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Mutations in genes mexR and nalC have previously been shown to drive overexpression of the MexAB-OprM
multidrug efflux system in Pseudomonas aeruginosa. A transposon insertion multidrug-resistant mutant of P.
aeruginosa overproducing MexAB-OprM was disrupted in yet a third gene, PA3574, encoding a probable
repressor of the TetR/AcrR family that we have dubbed NalD. Clinical strains overexpressing MexAB-OprM
but lacking mutations in mexR or nalC were also shown to carry mutations in nalD. Moreover, the cloned nalD
gene reduced the multidrug resistance and MexAB-OprM expression of the transposon mutant and clinical
isolates, highlighting the significance of the nalD mutations vis-à-vis MexAB-OprM overexpression in these
isolates.

Pseudomonas aeruginosa is an opportunistic human patho-
gen characterized by an innate resistance to multiple classes of
antimicrobials (11), attributable in part to a family of broadly
specific, so-called multidrug efflux systems (23, 24) that work
synergistically with low outer membrane permeability (9, 19) to
limit antimicrobial accumulation in this organism. Several mul-
tidrug efflux systems in P. aeruginosa have been described to
date (23), although the major system contributing to intrinsic
multidrug resistance is encoded by the mexAB-oprM operon
(10, 18, 26). MexAB-OprM exports a wide variety of antimi-
crobials, including most classes of antibiotics, biocides, dyes,
detergents, organic solvents (i.e., aromatic hydrocarbons; re-
viewed in reference 23]), and homoserine lactones associated
with quorum sensing (8, 22). The last play a role in cell density-
dependent expression of a number of virulence factors in P.
aeruginosa, and thus, the activity of this efflux system can in-
fluence virulence (30). Indeed, a recent study suggests that the
MexAB-OprM efflux system of P. aeruginosa promotes the
release of a molecule(s) ultimately important for the virulence
of this organism (12). The observation that MexAB-OprM
hyperexpression in nalB strains impairs fitness and virulence
(30) also suggests that this efflux system has a physiological role
in P. aeruginosa independent of antimicrobial efflux and resis-
tance. Consistent with this, mutants hyperexpressing MexAB-
OprM were readily selected in vivo in a rat model of acute P.
aeruginosa pneumonia in the absence of any antibiotic selec-
tion (16). The specific nature of the selective in vivo growth
advantage provided by this efflux system is, however, unknown.

Hyperproduction of MexAB-OprM has been documented in
lab and clinical multidrug-resistant isolates carrying lesions in
the mexR gene (4, 15, 20, 28, 35, 37) (so-called nalB mutants
[21]), encoding a repressor of mexAB-oprM expression (27, 35).

MexAB-OprM hyperexpression also occurs independently of
mutations in mexR or the mexR and mexAB-oprM promoter
regions (35, 37). These so-called nalC mutants (5, 20, 35) carry
a mutation in a recently identified gene (PA3721, also known
as nalC) that encodes a TetR family repressor of an adjacent
two-gene operon, PA3720-PA3719 (5). It is, in fact, the in-
creased expression of PA3719 that results from disruption of
the nalC repressor gene that promotes mexAB-oprM hyperex-
pression (5), apparently as a result of a direct interaction be-
tween the PA3719 gene product and the MexR repressor (S.
Fraud, unpublished data). Intriguingly, MexR levels are greatly
increased in nalC strains (L. Cao, R. Srikumar, and K. Poole,
unpublished data), suggesting that MexR repressor activity is
modulated in such mutants, perhaps in response to the in-
crease in PA3720-PA3719 expression. In the present report
mutations in yet a third gene, PA3574 (nalD), are shown to
enhance mexAB-oprM expression, producing a multidrug-resis-
tant phenotype in lab and clinical isolates of P. aeruginosa.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids

used in this study are listed in Table 1. Bacterial cells were cultivated in/on Luria
broth and agar (L-agar) (5) with antibiotics, as necessary, at 37°C. Plasmid
pDSK519 and its derivatives were maintained with 50 (in Escherichia coli), 500
(in P. aeruginosa K870 and its derivatives), or 2,000 (in P. aeruginosa clinical
isolates) �g of kanamycin per ml, while plasmid pUT-mini-Tn5-tet was main-
tained in E. coli with either ampicillin (100 �g/ml) or tetracycline (10 �g/ml).
Plasmid pK18MobSacB was maintained in E. coli with 30 to 50 �g per ml of
kanamycin.

DNA manipulations. Standard protocols were used for restriction endonucle-
ase digestions, ligations, transformation, plasmid isolation, and agarose gel elec-
trophoresis, as described by Sambrook and Russell (29). Genomic DNA of P.
aeruginosa was extracted by following the protocol of Barcak et al. (3). E. coli
cells were made competent using the CaCl2 method (29) or that of Inoue et al.
(14). Electroporation of pDSK519 and pMLS003 into clinical P. aeruginosa
isolates was carried out as described previously (32). Chromosomal DNA flank-
ing the mini-Tn5-tet element in putative nalD insertion mutants was sequenced
using primer mini-Tn5-Right (5�-GCTTGCTCAATCAATCACC-3�). Oligonu-
cleotide synthesis and nucleotide sequencing was carried out by Cortec DNA
Services Inc., Kingston, Ontario, Canada. Once the flanking DNA sequences
were obtained, disrupted genes were identified by BLASTN (http://www.ncbi
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.nlm.nih.gov/BLAST/) searches of the available P. aeruginosa genome sequence
(http://www.pseudomonas.com).

Transposon mutagenesis. P. aeruginosa strain K870, a streptomycin-resistant
derivative of the wild-type P. aeruginosa PAO1 strain K767 was mutagenized with
mini-Tn5-tet as described previously (5). Multidrug-resistant mutants overex-
pressing MexAB-OprM were identified initially by their characteristic resistance
profile (5) and later using immunoblotting with an anti-MexB antiserum (see
below). The mini-Tn5-tet element and flanking chromosomal DNA from selected
mutants was obtained following PstI digestion of isolated chromosomal DNA
and cloning of a mini-Tn5-tet-carrying PstI fragment as described before (5).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. Putative nalD mini-Tn5-tet mutants were screened for MexAB-OprM hy-
perexpression using a MexB-specific antiserum following Western immunoblot-
ting of electrophoretically separated cell envelopes (34). Immunodetection of
MexR (7) was also carried out in these mutants following electrophoresis of
soluble (membrane-free) cell extracts as described previously (1).

Antimicrobial susceptibility testing. The antimicrobial susceptibility of P.
aeruginosa strains was assessed in microtiter trays using a twofold-serial-dilution
technique as described previously (33, 20).

Cloning nalD (PA3574). The nalD (PA3574) gene was amplified from P.
aeruginosa K870 chromosomal DNA using primers PA3574-F (5�-AAAAGCTT
AAGCTTGCAGCATAACACCGAAGAC-3�; tandem HindIII sites are under-
lined) and PA3574-R (5�-AAGGATCCGGATCCCAGGTACTCGAGGCGAT
C-3�; tandem BamHI sites are underlined) in a PCR mixture formulated as
described previously (33) but with 1 U Vent DNA polymerase (NEB) and no
dimethyl sulfoxide. Amplification of PA3574 was achieved by incubation for 45 s
at 95°C, followed by 25 cycles of 45 s at 95°C, 45 s at 54°C, and 60 s at 72°C, with
a final 7-min elongation at 72°C. The PA3574 PCR product was subsequently
purified using the QIAGEN PCR purification kit, digested with HindIII and
BamHI, and cloned into pBluescript (Stratagene). Nucleotide sequencing with
universal primers confirmed the absence of mutations in pBluescript-borne
PA3574. PA3574 was subsequently excised from pBluescript on a SalI-BamHI
fragment and cloned into pDSK519 to yield pMLS003, in which PA3574 expres-
sion was driven by the resident lac promoter of pDSK519.

Construction of a �PA3719 mutant. A �PA3719 derivative of nalD::mini-Tn5-
tet strain K2346 was constructed using the previously described PA3719 deletion
vector pLC8, from which the �PA3719 fragment was excised using EcoRI and
HindIII and cloned into pK18MobSacB. The resultant vector, pMLS004, was in-

troduced into E. coli S17-1 and subsequently mobilized into K2346 via conjugal
transfer as described previously (25). K2346 transconjugants harboring pMLS004
in the chromosome were selected on 15 �g/ml chloramphenicol (to counterselect
E. coli S17-1) and 1,000 �g/ml kanamycin and subsequently streaked onto L-agar
containing sucrose (10% [wt/vol]; to screen for bacteria in which pK18MobSacB
has been lost but the intended deletion possibly retained) (33). Sucrose-resistant
colonies were then screened for deletion of nalD via colony PCR using Taq
polymerase and the previously described primers 3719/20F and 3719/20R (5).
Briefly, individual colonies were resuspended in 30 �l of distilled H2O, heated at
95 to 100°C for 5 min, and stored on ice, and then 10 �l was added to a 100-�l
PCR mixture containing Q solution (QIAGEN). Reaction mixtures were heated
to 95°C for 5 min, followed by 25 cycles of 45 s at 97°C, 45 s at 54°C, and 1 min
at 72°C, followed by 7 min at 72°C.

Plasmid mobilization. Plasmid pMLS003 was mobilized from E. coli DH5�
into the P. aeruginosa PA3574::miniTn5-tet (i.e., NalD�) strain K2346 using a
previously described triparental-mating procedure (36), with plasmid-carrying
P. aeruginosa selected on L-agar containing 500 �g/ml kanamycin and 0.5 �g/ml
imipenem (to counterselect E. coli).

RT-PCR. RNA isolation from overnight cultures of P. aeruginosa K870 and
K2346 and subsequent reverse transcription-PCR (RT-PCR) to assess the ex-
pression of rpsL and PA3573 was carried out as described previously (33) using
primer pairs rpsLF and rpsLR (33) and PA3573F (5�-GATTTCTACCTGCCG
AGC-3�) and PA3573R (5�-GCATCAACTGGGAAAACG-3�). The PCR por-
tion was carried out for 18 and 19 cycles (rpsL) or 29 and 30 cycles (PA3573). In
instances where expression of mexAB-oprM was assessed using real-time RT-
PCR, the protocol of Llanes et al. (20) was employed.

PCR amplification of nalD from clinical isolates. The nalD gene of clinical P.
aeruginosa isolates was amplified via PCR according to a previously described pro-
tocol (20) using primers NalD1 (5�-GCGGCTAAAATCGGTACACT-3�) and
NalD2 (5�-ACGTCCAGGTGGATCTTGG-3�) and an annealing temperature
of 61°C. Both strands of the 789-bp nalD product were subsequently sequenced
using NalD1, NalD2, and the internal primers NalDSeq1 (5�-TCAACGAGAT
GCTCAACC-3�) and NalDSeq2 (5�-CTGGTTGAGCATCTCGTTGA-3�).

RESULTS AND DISCUSSION

Identification of the nalD gene. To identify potentially novel
genes controlling mexAB-oprM expression in P. aeruginosa,

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristic(s) Reference

Strains
E. coli

DH5� �80d lacZ�M15 endA1 recA1 hsdR17 (rK
� mK

�) supE44 thi-1 gyrA96 relA1 F�

�(lacZYA-argF)U169
2

S17-1 thi pro hsdR recA Tra� 31

P. aeruginosa
K767 PAO1 prototroph 21
K870 Smr derivative of K767 27
K2346 K870 nalD::mini-Tn5-tet This study
K2347 K2346 �PA3719 This study
2085 Clinical nalB isolate 20
2151 Clinical nalB isolate 20
1250 Clinical nalC isolate 20
1738 Clinical nalC isolate 20
1217 Clinical nalD isolate 20
1562 Clinical nalD isolate 20
1113 Clinical nalD isolate 20
WL24 Clinical nalD isolate 20

Plasmids
pDSK519 Broad-host-range cloning vector; IncQ Kmr 17
pMLS003 pDSK519::nalD This study
pK18MobSacB Broad-host-range gene replacement vector; sacB Kmr 31
pMLS004 pK18MobSacB::�PA3719 This study
pUT::mini-Tn5-tet mini-Tn5-tet delivery vector: Apr Tcr 6
pEX18Tc Broad-host-range gene replacement vector; sacB Tcr 13
pLC8 pEX18Tc::�PA3719 5
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strain K870 was subjected to mini-Tn5-tet transposon insertion
mutagenesis and mutants showing a multidrug resistance phe-
notype characteristic of MexAB-OprM overexpression were
selected. One such mutant, K2346, showed increased resis-
tance to chloramphenicol, carbenicillin, nalidixic acid, and no-
vobiocin at levels below that of previously described nalB
(mexR) mutants but very similar to that of nalC mutants (35)
(Table 2). Western immunoblotting confirmed, too, a modest
increase in MexB expression in K2346 (Fig. 1, lane 2; cf. lane
1), consistent with enhanced expression of the MexAB-OprM
multidrug efflux system in this mutant. Subsequent recovery of
the mini-Tn5-tet element from K2346 and sequencing of flank-
ing P. aeruginosa chromosomal DNA identified PA3574, en-
coding a probable repressor of the TetR/AcrR family (http:
//www.pseudomonas.com), as the disrupted gene in the mu-
tant. Introduction of the cloned, wild-type PA3574 gene on
plasmid pMLS003 into K2346 reduced MexAB-OprM expres-
sion (Fig. 1, lane 4; cf. lane 3) and multidrug resistance (Table
2), confirming that the PA3574 disruption was, indeed, respon-
sible for the elevated MexAB-OprM expression and attendant
multidrug resistance of strain K2346. This gene has been
dubbed nalD to reflect its connection to other genes and/or
mutations (i.e., nalB and nalC) that are similarly associated

with enhanced MexAB-OprM production and because such a
designation has already been used to refer to MexAB-OprM-
overproducing mutants lacking nalB (mexR) and nalC muta-
tions (5, 20).

PA3574 occurs immediately adjacent to a divergently tran-
scribed gene encoding a putative exporter of the major facili-
tator superfamily, PA3573, which might be a target for PA3574
regulation. RT-PCR revealed, however, that disruption of
PA3574 had no impact on PA3573 expression (data not
shown), indicating that the PA3574 mutation in K2346 did not
impact MexAB-OprM expression via influence on PA3573. In
this it differs from a nalC mutant, where a mutation in another
TetR/AcrR family repressor, nalC (also known as PA3721),
increased expression of the adjacent, divergently transcribed
two-gene operon PA3720-PA3719, with increased PA3719
alone responsible for MexAB-OprM hyperexpression (5). To
see, however, whether the positive impact of a nalD mutation
on MexAB-OprM expression similarly involved PA3719 alone
the PA3719 gene was deleted from strain K2346 (producing
K2347). No change in MexAB-OprM production or resistance
was observed as a result of the PA3719 loss in K2347 (data not
shown), indicating that yet another mechanism exists in P.
aeruginosa for enhancing MexAB-OprM expression. Unlike
nalC mutations, too, which are characterized by hyperproduc-
tion of a stable but apparently nonfunctional MexR repressor
(Cao et al., unpublished), disruption of nalD had no, or at best
a very modest, impact on MexR production (Fig. 1B).

nalD mutations in clinical isolates. To assess the importance
of mutations in nalD in clinical strains overproducing MexAB-
OprM, the nalD gene of previously described MexAB-OprM-
overproducing, multidrug-resistant clinical strains lacking mu-
tations in mexR or nalC (i.e., strains 1217, 1562, 1113, and
WL24 [20]) was amplified by PCR and sequenced. As controls,
clinical isolates overproducing MexAB-OprM but with muta-
tions in mexR (strains 2085 and 2151) or nalC (strains 1250 and
1738) were also examined. mexR strain 2151 harbored no mu-
tations in PA3574, while the remaining mexR and nalC strains

FIG. 1. Immunoblot showing expression of MexB (A) and MexR
(B) in P. aeruginosa strains K870 (NalD�; lane 1), K2346 (NalD�; lane
2), K2346/pDSK519 (NalD�; lane 3), and K2346/pMLS003 (NalD�;
lane 4).

TABLE 2. Antimicrobial susceptibility of nalD P. aeruginosa

Strain nalD statusa
MIC (�g/ml)b

mexA
expressionc

CAM NAL TET NOV CAR TIC ATM

K870 WT 16 64 8 512 128
K2346 Null 64 256 256 1,024 512
K2346(pDSK519)d Null 64 256 256 1,024 512
K2346(pMLS003)d WT 8 64 64 256 64
K2347 Null 64 256 256 1,024 512
PAO1 WT 32 64 32 16 8 1.00
1113(pDSK519)e �T410-G433 64 256 64 64 32 1.69
1113(pMLS003)e WT 32 32 16 8 2 0.34
WL24(pDSK519)e ? 128 �1,028 128 64 16 2.41
WL24(pMLS003)e WT 32 �1,028f 32 16 2 0.25

a The indicated strains expressed wild type (WT), nalD::mini-Tn5-tet-disrupted (Null), or mutant nalD genes (specific mutations are highlighted as base changes in
the gene itself). Mutations in nalD were verified following PCR amplification of the gene and nucleotide sequencing of the PCR product obtained. ?, the nalD gene
could not be amplified by PCR, suggesting a possible deletion of the gene in this strain.

b CAM, chloramphenicol; NAL, nalidixic acid; TET, tetracycline; NOV, novobiocin; CAR, carbenicillin; TIC, ticarcillin; ATM, aztreonam.
c mexA expression (as a measure of mexAB-oprM expression) was quantitated using real-time RT- PCR and normalized to expression levels seen in wild-type strain

PAO1.
d pDSK519 is the vector without nalD; pMLS003 is pDSK519::nalD.
e Clinical isolate.
f The apparent lack of an impact of the cloned nalD gene on the nalidixic acid MIC likely reflects the presence of another determinant(s) of resistance to this agent

in strain WL24, which may be masking any impact of mexAB-oprM expression on resistance.
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carried only silent mutations in this gene (strain 2085: C276T,
TGCCys3TGTCys; T295C, TTGLeu3CTGLeu; C333T, ATCIle3
ATTIle; C540T, GACAsp3GATAsp; strain 1250: T450C, CGTArg3
CGCArg; G477A, CCGPro3CCAPro; T555C, GATAsp3GACAsp;
strain 1738: T555C, GATAsp3GACAsp). In contrast, strains 1217,
1562, and 1113 all carried mutations in nalD (strains 1217
and 1562 had a substitution leading to a Ser32Asn change in
NalD; strain 1113 had a 24-bp deletion [Table 2]), with strain
1113 also harboring two silent mutations in this gene (C276T,
TGCCys TGTCys; T295C, TTGLeu CTGLeu). The nalD gene
could not be amplified from strain WL24, indicating its lack in
this strain, possibly due to deletion. Nonetheless, introduction
of the cloned, wild-type nalD gene into WL24 as well as 1113
(the high kanamycin MICs for strains 1217 and 1562 precluded
introduction of the nalD vector pMLS003 into these isolates)
reduced resistance levels and mexAB-oprM expression (Table
2), indicating that like the nalD::mini-Tn5-tet mutation of
K2346, the nalD mutations of these clinical strains were re-
sponsible for elevated MexAB-OprM production and multi-
drug resistance. Despite our inability to assess complementa-
tion of the nalD mutant strains 1217 and 1562 with cloned
nalD, the fact that these strains lack other mutations that might
explain enhanced mexAB-oprM expression and that nalD mu-
tations do provide for elevated mexAB-oprM expression and
multidrug resistance in other mutants argue strongly that the
nalD mutations in 1217 and 1562 do contribute to the resis-
tance and efflux phenotypes of these isolates.

Conclusions. Mutations in at least three different genes
(mexR, nalC, and nalD) can provide for increased expression of
MexAB-OprM, highlighting the complexity of mexAB-oprM
regulation in P. aeruginosa. While the increase in PA3719 seen
in nalC strains provides for elevated mexAB-oprM expression,
owing to an apparent impact on MexR repressor activity (Cao
et al., unpublished), mutations in nalD appear to work inde-
pendently of PA3719, indicating that yet a second pathway
exists in P. aeruginosa by which mexAB-oprM expression is
influenced. Whether this relates to different environmental or
cell-associated signals capable of impacting mexAB-oprM ex-
pression (i.e., a variety of conditions require MexAB-OprM
export activity) is at present unknown. Intended DNA array
studies may, however, provide insights vis-à-vis the gene(s) that
is the immediate target(s) for the putative NalD repressor by
identifying genes that are coregulated with mexAB-oprM in
nalD mutants. This will also, hopefully, address the issue of the
intended function(s) of this broadly specific antimicrobial ef-
flux system, since the function (if known) of genes coregulated
with mexAB-oprM may provide clues as to MexAB-OprM func-
tion in P. aeruginosa. Clearly, MexAB-OprM exports multiple
substrates and its expression is associated with multiple phe-
notypes (increased antimicrobial resistance, reduced fitness,
improved in vivo survival, changes in virulence), suggesting
that it has multiple roles in P. aeruginosa and is not limited to
antimicrobial export and resistance.
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